Polymerization of the actin cytoskeleton has been found to be essential for B-cell activation. We show here, however, that stimulation of BCR induces a rapid global actin depolymerization in a BCR signal strength-dependent manner, followed by polarized actin repolymerization. Depolymerization of actin enhances and blocking actin depolymerization inhibits BCR signaling, leading to altered BCR and lipid raft clustering, ERK activation, and transcription factor activation. Furthermore actin depolymerization by itself induces altered lipid raft clustering and ERK activation, suggesting that F-actin may play a role in separating lipid rafts and in setting the threshold for cellular activation.
INTRODUCTION
The actin cytoskeleton regulates a number of cellular functions by a process that includes dynamic changes between monomer actin (G-actin) and filamentous or polymerized actin (F-actin) via polymerization and depolymerization. Several toxins can alter this G/F-actin balance. Jasplakinolide (JP), for example, is a toxin that specifically binds to F-actin and prevents it from depolymerizing, skewing the F/G actin balance to actin polymerization (Bubb et al., 1994) . By contrast, Latrunculin B (LatB), sequesters G-actin, leading to actin depolymerization (Spector et al., 1983 (Spector et al., , 1989 Coue et al., 1987) . The actin cytoskeleton is important for lymphocyte antigen receptor signaling. Several lines of evidence suggest essential roles for the actin cytoskeleton in the transduction of antigen receptor signals. First, mutation or lack of proteins that regulate the actin cytoskeleton, such as the GTPase Rac, the guanine nucleotide exchange factor Vav, or WASP, lead to severe immune deficiencies (Derry et al., 1994; Symons et al., 1996; Penninger and Crabtree, 1999a; Zhang et al., 1999; Gomez et al., 2000; Tedford et al., 2001; Gu et al., 2003; Walmsley et al., 2003) . Second, disruption of the actin cytoskeleton with cytochalasin D terminates ongoing T-cell receptor (TCR) signals and abrogates cell proliferation and activation when T-cells are stimulated by antigen presenting cells (APC; Valitutti et al., 1995; Delon et al., 1998; Grakoui et al., 1999) . Third, actin polymerization or F-actin has been found to be involved in recruiting signaling molecules into lipid rafts, special lipid domains on the cell membrane that serve as signaling platforms (Cheng et al., 1999; Janes et al., 1999; Penninger and Crabtree, 1999b; Dustin and Cooper, 2000; Valensin et al., 2002; Gupta and DeFranco, 2003) . These data suggest that actin polymerization or F-actin plays a positive role in transducing lymphocyte antigen receptor signals. However, the exact role of F-actin in regulating lymphocyte antigen receptor signaling is still unclear.
Here we show that F-actin also plays a negative role in regulating B-cell receptor (BCR) signals. We show that the BCR induces an early rapid wave of actin depolymerization, which is dependent on the level of BCR cross-linking. Disrupting F-actin blocks BCR signals, whereas induction of partial depolymerization of actin leads to enhanced BCR signals. Furthermore, actin depolymerization alone can activate signaling pathways used by the BCR. These dynamic actin changes enhance BCR signals by enhancing lipid raft clustering and duration, leading to enhanced BCR signaling.
MATERIALS AND METHODS

Cells and Reagents
WT DT40 cells were generously provided by Dr. T. Kurosaki (Kansai Medical University and RIKEN Research Center for Allergy and Immunology, Moriguchi, Japan). They were grown in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 1% chicken serum (Sigma, St. Louis, MO). The mouse B-cell line WEHI-231 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) and cultured in RPMI 1640 supplemented with 10% FBS, 50 M 2-mercaptoethanol and penicillin-streptomycin. Primary murine B-cells were purified from spleens of BALB/c mice (6 -8 wk old) using the MACS B-cell isolation kit (Miltenyi Biotec, Auburn, CA). Protein-A HRP and rabbit anti-mouse HRP, Fura2-AM was from Sigma. Antibodies against phosphotyrosine (PY99), c-Myc (9E10), Syk (N-19), and bovine antimouse IgM rhodamine were from Santa Cruz Biotechnology (PY99, Santa Cruz, CA), against phospho-ERK and ERK from Cell Signaling (Waltham, MA), against Syk (N-19), goat anti-mouse IgM chain specific F(abЈ) 2 and Fab fragment unconjugated or conjugated with Rhodamine red-X were from Jackson ImmunoResearch Laboratories (West Grove, PA). Cholera toxin subunit B (CTB)-Alexa 647, phalloidin-Alexa 568, goat anti-mouse Alexa 488 were from Molecular Probes (Eugene, OR), Optiprep from Axis-shield PoC AS (Oslo, Norway), and CTB-HRP was from Sigma. SRF, NFB, and NFAT luciferase reporter plasmids were from Stratagene (La Jolla, CA). Luciferase activities were detected using a Promega Luciferase Reporter Assay kit (Madison, WI). Goat anti-chicken IgM was from Bethyl Laboratories (Montgomery, TX). 
Western Blotting
Unstimulated or stimulated cells (5 ϫ 10 6 cells/sample) were lysed in 100 l Triton X-100 lysis buffer, denatured, resolved by 10% SDS-PAGE, and transferred to PVDF membranes (Pall Life Sciences, Glen Cove, NY). The indicated proteins were detected with the appropriate primary and secondary antibodies conjugated to HRP, and HRP activities were detected using the ECL plus system (Amersham, Piscataway, NJ). Images in Figure 6B were quantitated using NIH ImageJ, with the value from the unstimulated cells set at 1.
Ca
2؉ Measurements
Calcium measurements were performed using Fura2-AM as previously described (Hao et al., 2003) . Cells were stimulated with goat anti-chicken IgM antibodies and continuous fluorescence was detected at 22°C with a Hitachi F-2000 fluorospectrophotometer (Hitachi, San Jose, CA) at an excitation wavelength of 340 and 380 nm and an emission wavelength of 510 nm. Relative intracellular Ca 2ϩ is shown as the ratio of fluorescence intensity at 340-to 380-nm excitation.
Cell Transfection and Luciferase Activity Assay
SRF and NFAT luciferase activities were performed as previously described (Hao et al., 2003) . NFB-luciferase activities were performed in a similar manner. Cells were transfected with the relevant luciferase reporter plasmids, followed by a recovery period in growth medium for 8 h. Cells were then starved in serum-free RPMI 1640 supplemented with 10 mM HEPES, pH 7.2, for 12 h and then equally split into different groups that were either stimulated by adding 4 g/ml anti-chicken IgM, other stimulants as indicated, or no stimulation as control for 8 h. Cells treated with inhibitors were pretreated for 30 min before stimulation unless stated otherwise. Cells were then harvested, counted, and lysed for luciferase assay using a Promega luciferase assay kit. The results are expressed as fold over nonstimulated control and are the mean Ϯ SD of 3-6 independent experiments done in triplicate unless otherwise indicated.
Visualization of Lipid Rafts and F-actin by Confocal Microscopy
Cells (5 ϫ 10 6 in 200 l RPMI/1640, 20 ϫ 10 6 /ml) were pretreated with or without LatB or JP at 37°C for 1 h or as otherwise indicated and then incubated with cholera toxin B-FITC (CT-B, final concentration 25 g/ml) in phosphate-buffered saline (PBS; 100 ϫ 10 6 /ml) containing 1% bovine serum albumin (BSA) at 4°C for 20 min in dark. The unbound CT-B was removed by washing twice with cold PBS. The cells were then resuspend in 200 l PBS (or RPMI 1640) and stimulated with anti-IgM (F(abЈ) 2 fragments) or other stimulants at 37°C for the indicated times. The cells were then fixed immediately by adding 400 l 3% paraformaldehyde solution (final 2%) and kept at 4°C overnight. The fixed cells were then washed with PBS and incubated with phalloidin-Alexa568 in 100 l PBS containing 1% BSA at room temperature for 30 min in dark. The unbound dye was removed by washing twice with PBS. The cells were resuspended in 50 l PBS containing 10% glycerol and analyzed by confocal microscopy. In some experiments, cells were stimulated first and then fixed in paraformaldehyde overnight before staining with CT-B, with no difference observed in the staining. All compared images were scanned using the same parameters. Three-dimensional (3D) images were reconstructed using AutoQuant (AutoQuant, Watervliet, NY). Actin polymerization levels were quantitated using ImagePro (MediaCybernetics, Silver Spring, MD) using Integrated Optical Density, scoring at least 25 cells for each condition for the relative amounts of F-actin in arbitrary units. Scores were then averaged for each time point and plotted with the zero time point set at 100%.
To assay BCR internalization, 5 ϫ 10 6 WEHI-231 B-cells either pretreated or without pretreatment (control) were first incubated on ice with 20 g/ml goat anti-mouse -chain-specific Fab Rhodamine red-X and 2.5 g/ml CTB-Alexa 647 to detect the BCR or lipid rafts, respectively, and then either incubated with or without 5 g/ml F(abЈ) 2 fragment of anti-goat Alexa 488 to cross-link the BCRs, followed by chasing at 37°C for 40 min. All staining procedures were operated at 0 -4°C and unbound reagents at each step were washed away with large volume of ice-cold PBS before going to the next step. After experiments, the cells were immediately fixed using 4% paraformaldehyde for 20 -30 min at room temperature. Lipid rafts, and the BCR bound either by monovalent antibody (Fab fragment) alone or by divalent antibody (F(abЈ)2 fragment) were individually visualized by sequential scanning with 633-, 547-, and 488-nm lasers and detecting through the channels with LP650, BP565-615IR, and BP500 -530HQ filter, respectively, using a Zeiss LSM510 confocal microscope (Thornwood, NY). The images were analyzed with software LSM examiner. For acute treatments, 5-10 ϫ 10 6 cells were treated with anti-IgM or LatB as indicated in the legends to the figures, and immediately were fixed using 4% paraformaldehyde (or 4% paraformaldehyde and 0.4% glutaraldehyde, which gave the same results) for 20 -30 min at room temperature. After washing twice with PBS containing 100 mM glycine, lipid rafts, BCR, and F-actin were detected as described above and imaged using the confocal microscope.
Lipid Raft Isolation
Forty million WEHI-231 cells stimulated with anti-IgM or treated with 1 M LatB, or left untreated as controls, were lysed in 200 l TNET buffer (25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 4 mM EDTA, 1 mM EGTA, 0.5% Triton X-100) supplemented with phosphatase inhibitors (10 mM NaF, 1 mM sodium pyrophosphate, 1 mM Na 3 VO 4 ) and protease inhibitor cocktail (Calbiochem, La Jolla, CA) on ice for 20 min, followed by passage through a 25-gauge syringe needle 20 times. After removal of nuclei by centrifugation at 1000 ϫ g for 10 min, the cell lysates were adjusted to 40% Optiprep and overlaid with 1 ml of 30%, 2 ml of 20%, 1 ml of 10%, and 400 l 0% Optiprep in TNET buffer containing phosphatase inhibitors and protease inhibitors in a centrifuge tube. Subcellular fractions were separated by ultracentrifugation using Beckman SW55Ti rotor (Fullerton, CA) at 200,000 ϫ g for 4 h at 4°C. Fractions of 400 l (13 total) were collected from the top and a 15-l sample from each fraction was resolved by 10% SDS-PAGE and immunoblotted with appropriate antibodies.
Flow Cytometric Assay for BCR Internalization
WEHI-231 B-cells (2 ϫ 10 6 ) either pretreated with 1 M LatB at 37°C for 30 min or nontreated (control) and then treated with 10 g F(abЈ)2 or Fab fragments of goat anti-mouse -chain-specific antibodies on ice for 15 min. Unbound antibodies were washed away with ice-cold PBS by centrifugation at 300 ϫ g for 30 s. Cells were then either kept on ice (as time 0) or warmed up to 37°C for 40 min. The amount of BCR still remaining on the cell surface were determined by staining with goat anti-mouse Alexa 488 in PBS containing 1% BSA and 0.1% NaN 3 on ice followed by analysis by FACS. Nonspecific staining determined by staining with secondary antibody alone was found to be very low and excluded by appropriate gate settings. For LatB pretreated cells, these reagents were always present as the same concentration during the staining steps.
RESULTS
The BCR Induces an Early Wave of Actin Depolymerization
Triggering the BCR leads to increases in actin polymerization within 3-5 min; however, it is not clear whether the actin cytoskeleton is also disassembled during BCR stimulation. To determine if the dynamics of the actin cytoskeleton is altered early after BCR stimulation, cells were stimulated with anti-IgM for short periods of time and analyzed for F-actin distribution. 3D reconstructed confocal images of the cells showed a significant decrease in F-actin levels within 15-30 s of BCR stimulation followed by repolymerization of F-actin in localized regions ( Figure 1 , A and C).
Lipid rafts are special domains in the plasma membrane rich in cholesterol and GM1 glycosphingolipids. Lipid rafts also contain lipid modified signaling molecules such as the Src family kinases Lck and Lyn, G proteins, Ras GTPase, and adaptor proteins such as LAT that are constitutively localized in the lipid rafts (Pizzo and Viola, 2003) , whereas other molecules such as the TCR and the BCR are recruited into lipid rafts upon stimulation (Cheng et al., 1999; Janes et al., 1999; Sproul et al., 2000; Tuosto et al., 2001) . Some negative signaling molecules such as SHP-1 and CD45 are excluded from lipid rafts (Janes et al., 1999; Petrie et al., 2000) . Therefore, lipid rafts have been considered as signaling platforms for the assembly of signaling complexes and for signal transduction in various cell types including lymphocytes (Cheng et al., 1999; Viola et al., 1999; Petrie et al., 2000; Tuosto et al., 2001; Pizzo and Viola, 2003) . We also analyzed lipid rafts during the same time periods. The data showed that BCRinduced depolymerization and repolymerization of actin accompanied lipid raft clustering ( Figure 1A ). Purified murine primary splenic B-cells also responded to BCR signals with a rapid early decrease in F-actin levels (Figure 1, D and E) . Together, these data indicate that the BCR induces an early wave of actin depolymerization concomitant with lipid raft clustering.
Actin Depolymerization May Serve as a Transducer of the Strength of BCR Stimulation
The induction of actin depolymerization in response to BCR stimulation prompted us to reconsider the role of actin depolymerization in transduction of BCR signals. We hypothesized that actin depolymerization transduces the strength of BCR stimulation and that the degree of actin depolymerization induced by anti-IgM stimulation would behave in a dose-dependent manner. We tested this idea by stimulating cells with low-dose (0.5 g/ml) or high-dose (4 g/ml) anti-IgM. We confirmed that a high dose of anti-IgM induced higher activation of the transcription factors SRF and NFAT, which we have previously shown is activated by the BCR via a PLC␥-Ca 2ϩ -dependent pathway (Hao et al., 2003) . We also observed more sustained ERK phosphorylation and higher and more sustained tyrosine phosphorylation (Supplementary Figure 1) . As expected, the degree of actin depolymerization and lipid raft clustering was also higher in cells treated with high-dose anti-IgM (Figure 1 
Actin Depolymerization Enhances BCR-induced Transcription Factor Activation
In fibroblasts, the actin dissembler LatB (Spector et al., 1983 (Spector et al., , 1989 Coue et al., 1987) leads to inhibition of SRF activation by serum (Sotiropoulos et al., 1999) . Conversely, actin stabilizer JP (Bubb et al., 1994) by itself can activate SRF and further enhance serum-mediated SRF activation (Sotiropoulos et al., 1999) . We therefore determined whether altering the actin cytoskeleton would affect BCR-mediated activation of the transcription factor SRF. We found that actin depolymerization induced by low levels of LatB (0.25-2 M) did not inhibit but rather enhanced BCR signals leading to SRF activation ( Figure 2A ). This difference was not due to the SRF reporter we used, because we confirmed that these same concentrations of LatB inhibited serum-induced SRF activation in Chinese hamster ovary cells using the same SRF-Luc reporter (unpublished data). High concentrations of LatB (Ͼ5 M) similar to that used by other investigators to inhibit T-cell activation inhibited BCR activation leading to SRF activation ( Figure 2A) . Pretreatment of cells with another actin depolymerization agent, cytochalasin D (CD; Cooper, 1987) leads to similar results ( Figure 2B ), although less effective than LatB as previously reported (Sotiropoulos et al., 1999) . Furthermore, stabilization of F-actin by JP inhibited BCR-induced SRF activation ( Figure 2C and unpublished data).
Changes in actin dynamics exerted a general effect on BCR signaling because actin depolymerization enhanced, whereas actin polymerization inhibited BCR-induced NFAT and NFB activation, as measured by luciferase reporter assays (Figure 2, D and E) . These data suggest that actin cytoskeleton depolymerization enhances common BCR signaling pathways leading to transcription factor activation.
Actin Depolymerization Prolongs BCR-induced ERK Activation
We and others have previously shown that ERK activation is essential for SRF, NFAT, and AP-1 activation by the BCR (Richards et al., 2001; Brummer et al., 2002; Antony et al., 2003; Hao et al., 2003) . To test whether enhancement of BCR activation of these transcription factors by actin depolymerization was via modulating ERK signals, we pretreated DT40 cells with LatB or JP and then stimulated the cells with anti-BCR antibody followed by Western blotting for phospho-ERK. As expected, actin depolymerization by LatB prolonged BCR-induced ERK activation particularly at the 60- Figure 3A) , whereas stabilization of F-actin by JP dramatically inhibited BCR-induced ERK activation ( Figure 3B ). Similar results were observed in purified primary splenic B-cells ( Figure 3C ).
Actin Depolymerization Elevates Sustained Ca
2؉ Signal In addition to ERK signals, Ca 2ϩ signals and particularly the sustained phase of Ca 2ϩ signal are also essential for the activation of these transcription factors (Healy et al., 1997; Antony et al., 2003; Hao et al., 2003) . We therefore asked whether modulation of the actin cytoskeleton could regulate transcription factor activation by modulating Ca 2ϩ signals as well. Depolymerization of actin by LatB significantly elevated the sustained Ca 2ϩ signal induced by BCR signals in DT40 B-cells, whereas stabilization of F-actin by JP specifically inhibited the sustained phase of Ca 2ϩ signal without affecting the initial Ca 2ϩ peak ( Figure 3D ). Note that the peak of calcium is reduced in cells treated with LatB to induce actin depolymerization. This suggests that delaying actin polymerization by LatB affects some of the early BCR signals as well as late responses.
Actin Depolymerization by Itself Can Activate Cellular Pathways
During the course of our studies, we noticed that LatBinduced actin depolymerization not only enhanced BCRinduced transcription factor activation, but also was sufficient to activate these pathways by itself. We ruled out that this is due to some other actin-independent effects of LatB, because stabilization of F-actin by JP fully abrogated LatBinduced SRF and ERK activation (Figure 4) . JP itself did not induce SRF or ERK activation ( Figure 4C , see also Figure  2C ), suggesting that SRF and ERK activation resulted from actin depolymerization rather than the stress from actin perturbation. Of note, ERK phosphorylation induced by actin depolymerization is weaker and less sustained than BCR stimulation, consistent with its weaker activation of transcription factors compared with BCR (see e.g., Figure 2A ). In addition, CD, another actin depolymerizing reagent, has similar effects as LatB, further confirming that depolymerization of F-actin activates these pathways (see Figure 2B and unpublished data).
Activation of the above transcription factors and ERK by depolymerization of F-actin prompted us to explore whether LatB was acting through a new signaling pathway or uses the BCR signaling pathway. We and others have shown that DAG is essential for the BCR-mediated activation of SRF, NFAT, AP-1, and NFB (Petro and Khan, 2001; Antony et al., 2003; Hao et al., 2003) . We found that LatB also activates SRF via Lyn, Syk, Btk, BLNK, PLC␥, Ca 2ϩ , and DAG, indicating that LatB-induced actin depolymerization may either directly activate the BCR or act through the same BCR signal transduction machinery (Supplementary Figure 3 ; Petro and Khan, 2001; Antony et al., 2003; Hao et al., 2003) .
Actin Depolymerization Prolongs BCR Signals by Delaying Lipid Raft Internalization
To explore the mechanism by which actin cytoskeleton depolymerization prolongs BCR signals, we analyzed its effects on lipid raft clustering. At the resting state, lipid raft clusters were found to be small and randomly distributed on the plasma membrane, consistent with previous reports (Janes et al., 1999; Gupta and DeFranco, 2003; Pizzo and Viola, 2003) . The small clusters may be caused by the binding of the CT-B used to detect lipid rafts as previously reported (Mayor et al., 1994) . In addition, the actin cytoskeleton was found exclusively in the cortical region of the cells, and some clusters of lipid rafts were apparently colocalized with F-actin ( Figure  5A , panels 1-3). Stimulation of the cells through the BCR for 5 min resulted in more extensive clustering of lipid rafts at or stimulated with 4 g/ml anti-IgM for 5 min (panels 4 -6) or 40 min (panels 7-9). Cells were fixed and stained to detect lipid rafts (panels 1, 4, and 7), or F-actin (panels 2, 5, and 8). Panels 3, 6, and 9 represent the merging of the lipid raft and F-actin images, with overlapping localization depicted in yellow. (B) WT DT40 cells were pretreated with 0.5 M LatB and then left unstimulated (panels 1-2) or stimulated with 4 g/ml anti-IgM for 5 min (panels 3-5) or 40 min (panels 6 -8). Cells were fixed and stained to detect lipid rafts (panels 1, 3, and 6) or F-actin (panels 2, 4, and 7). Panels 5 and 8 represent the merging of the lipid rafts and F-actin images, with overlapping localization depicted in yellow. (C) WEHI 231 B-cells were pretreated with vehicle (panels 1-3) or pretreated with 0.5 M LatB (4 -6), left unstimulated (panels 1-6), and then stained with Rhodamine-conjugated goat anti-mouse IgM Fab fragments to detect the BCR and Alexa-647-conjugated CTB-B to detect lipid rafts on ice (panels 1-6). Some cells were stimulated with Alexa-488 -conjugated anti-goat IgG F(abЈ) 2 fragments to cross-link and detect the BCR for 40 min at 37°C (panels 7-14). Cells were then fixed and analyzed by confocal microscopy. Panels 1, 4, 7, and 11: lipid rafts; panels 2, 5, 8, and 12: goat anti-mouse IgM Fab fragments to detect the BCR; panels 9 and 13: anti-goat IgG F(abЈ) 2 fragments to cross-link and detect the BCR. Panels 3, 6, 10, and 14 represent the merging of the lipid rafts and BCR images, with overlapping localization depicted in purple/white. (D) WEHI 231 B-cells were treated with vehicle control (panels 1 and 2) or pretreated with 0.5 M LatB (panels 3 and 4) and then stained on ice with goat anti-mouse IgM Fab (panels 1 and 3) or (FabЈ) 2 fragments (panels 2 and 4). Cells were then either left on ice (unstimulated, shaded lines in all panels) or shifted to 37°C for 40 min and then chilled and remaining cell surface BCRs detected using Alexa-488 -conjugated anti-goat IgG to detect BCRs remaining on the cell surface (open lines in all panels). Bottom: quantitation of BCR internalization. The MFI intensity of the cell surface BCRs were determined and the percent remaining determined. Ⅺ, control stimulation; f, stimulation in the presence of 1 M LatB.
regions rich in F-actin ( Figure 5A, panels 4 -6) . Notably, internalization of lipid rafts was also apparent at this time point. In contrast, the internalization of lipid rafts was not apparent in the cells treated with LatB ( Figure 5B , panels 3-5). By 40 min post-BCR stimulation, almost all lipid raft clusters in control cells were apparently internalized ( Figure  5A , panels 7-9). However, cells pretreated with LatB still had significant amounts of lipid raft patches on the cell surface ( Figure 5B , panels 6 -8). To determine if the BCR was affected by these treatments, we also analyzed the localization of the BCR in the presence or absence of LatB in the WEHI231 murine B-cell line. This analysis indicated that the BCR behaves in a similar manner to that of the lipid rafts, with significant internalization occurring upon cross-linking after 40 min ( Figure 5C , panels 7-10), which was significantly prevented by LatB pretreatment ( Figure 5C , panels 11-14). We confirmed that LatB prevented BCR internalization by analyzing surface expression of the BCR before and after triggering for 40 min by flow cytometry. Figure 5D demonstrates that triggering of the BCR either with a divalent antibody (anti-BCR F(abЈ) 2 fragments) or monovalent antibody (anti-BCR Fab fragments) resulted in internalization of the BCR after 40 min. However, in agreement with our microscopy studies, pretreatment of these cells with LatB resulted in a significant reduction of BCR internalization ( Figure 5D , quantitated in the bottom panel). These results suggest that LatB-induced depolymerization of actin delays internalization of lipid rafts and the BCR and may explain why actin depolymerization prolongs BCR-induced signals such as ERK activation.
Actin Depolymerization Facilitates Altered Clustering of Lipid Rafts
Lipid rafts serve as signaling platforms and are considered to be where the antigen receptor signals are initiated. We thus hypothesized that activation of ERK and downstream transcription factors by actin depolymerization is through direct regulation of lipid raft clustering. To test this, DT40 cells were costained with CT-B-FITC to detect lipid rafts and Phalloidin-Alexa 568 to detect F-actin as described before. In these experiments, rather than imaging a single section of the cells, a series of sections from the top to the bottom of the cells, 0.2-0.3 m apart was collected with a confocal microscope and a 3D image of the cell reconstructed. These resultant images show small lipid raft patches on nonstimulated cells randomly distributed all over the cell surface ( Figure 6A ; note that these patches may be caused by CT-B-mediated binding). However, within 1 min of stimulation by the BCR, the clustering of these lipid rafts is altered. Intriguingly and surprisingly, altered clusters of lipid rafts were also found in cells treated with LatB alone to induce actin depolymerization, and BCR stimulation of these cells lead to altered clustering of these lipid rafts ( Figure 6A ). It is unlikely that the observed clustering of lipid rafts is a result of cross-linking of lipid rafts by CTB itself because clusters were found in cells fixed with either 4% paraformaldehyde or 4% paraformaldehyde and 0.4% glutaraldehyde at room temperature for 30 min or longer, which has been shown to efficiently fix cell surface lipids (Mayor et al., 1994) . In contrast, JP-treated cells did not show this pattern of clustering of lipid rafts either with or without BCR stimulation ( Figure  6A ). Biochemical analysis of lipid rafts by fractionation confirmed that treatment of cells, in this case the murine B-cell line WEHI 231, with LatB resulted in movement of the BCR into lipid raft fractions (2.9-fold increase), similar to that seen after triggering of the BCR (2.4-fold increase), although the tyrosine kinase Syk did not seem to be affected as much (2-fold increase after BCR triggering vs. 1.2-fold increase after LatB treatment, Figure 6B ). Control experiments ruled out any contamination of these fractions with cytoplasmic fractions because c-myc was excluded from these fractions (and GM1 was found in the raft fractions by CTB reactivity; unpublished data). These results are consistent with the effects of these treatments on transcription factor and ERK activation. These results also suggest that at the resting state, the actin cytoskeleton may have a role in keeping the lipid rafts apart, which may be an important mechanism to prevent the generation of nonspecific signals due to spontane- Figure 6 . Actin depolymerization by itself facilitates lipid raft clustering. (A) WT DT40 cells were left untreated (panels 1-3) or treated with 0.5 M LatB (panels 4 -6) or 1 M JP (panels 7-9) for 30 min and left unstimulated or stimulated with 4 g/ml anti-IgM for 1 min (panels 3, 6, and 9). Cells were fixed and lipid rafts or actin detected, with 3D reconstructed images shown. (B) WEHI-231 Bcells were left unstimulated (top panels), stimulated with antimurine IgM (middle panels) or 1 M LatB (bottom panels) for 5 min. Cells were lysed, and lipid rafts were isolated on a density gradient by centrifugation. Lipid raft fractions were separated by SDS-PAGE, transferred to PVDF membranes, and probed with anti-Syk (left panels) or anti-heavy chain (right panels).
ous lipid raft clustering. Although these results suggest that the observed altered lipid raft clustering may be a passive process because actin depolymerization is sufficient to induce this pattern, our results cannot rule out that this may also be an active process (i.e., lipid rafts are pulled together by contractile forces from actin polymerization because polymerization of actin is not fully blocked at the concentrations we used) in response to antigen receptor signals. Altogether, our data suggest that actin depolymerization has a critical role in regulation of transcription factor activation and the duration of ERK and Ca 2ϩ signals by controlling of lipid raft dynamics.
DISCUSSION
In this study, we report that the B-cell antigen receptor induces an early wave of actin depolymerization, which regulates lipid raft and B-cell antigen receptor clustering and enhances BCR signals. These experiments provide novel insight into the role of the actin cytoskeleton in regulation of signals from antigen receptor in lymphocytes by regulation of lipid raft dynamics.
Actin Polymerization May Play a Negative Role in the Regulation of BCR Signals
Although actin polymerization has been shown to be required for BCR signaling, our study suggests that the actin cytoskeleton (F-actin) may also play a negative role in regulation of lipid rafts. We propose that F-actin may keep lipid rafts apart in the resting state. It may also facilitate internalization of lipid rafts after BCR stimulation, which is a mechanism for terminating the BCR signal and allowing for antigen processing. Lipid rafts are randomly distributed on the cells (Valensin et al., 2002; Pizzo and Viola, 2003) and whether these lipid rafts are free to move (diffuse) in the membrane and what causes lipid rafts to aggregate upon BCR stimulation is unclear. In our study, depolymerization of F-actin by LatB-induced altered clustering of lipid rafts, suggesting that movement of lipid rafts may be restricted in the membrane by F-actin fibers. Our work suggests that clustering of lipid rafts is probably spontaneous, because releasing F-actin inhibition seems to be sufficient to induce lipid raft clustering independently of BCR stimulation. Alternatively LatB may induce contractile forces that pull the lipid rafts together while shortening actin polymers. BCR stimulation also leads to depolymerization of F-actin and the degree of depolymerization is dependent on the strength of BCR stimulation, further confirming the idea that F-actin may have a negative role in keeping lipid rafts apart. It will be interesting to explore how F-actin restricts the movement of lipid rafts. One possible mechanism is that similar to anchoring of integrin molecules by F-actin through talin (Lub et al., 1997; Stewart et al., 1998; Sampath et al., 1998) , lipid rafts may be riveted in the membrane via F-actin through linker protein(s).
Indeed, some recent studies have shown that F-actin does associate with lipid rafts and this association may play a negative role in TCR signaling. Cbp (Csk binding protein), also called PAG (phosphoprotein associated with GEMs), is a recently cloned protein that constitutively localizes to the lipid rafts (Brdicka et al., 2000; Kawabuchi et al., 2000) . In addition to its association with Csk, a negative regulator of Src kinases, a recent study showed that Cbp also indirectly associates with F-actin via a linker protein EBP50, a member of actin-binding proteins ERM (Brdicka et al., 2000; Kawabuchi et al., 2000; Takeuchi et al., 2000; Torgersen et al., 2001; Itoh et al., 2002) . On TCR stimulation, Cbp is dephosphorylated and dissociates from EBP50-ERM. Over-expression of Cbp reduces the movement of lipid rafts and inhibits the formation of immunological synapse in T-cells (Itoh et al., 2002) . These studies support our finding that F-actin has a role in keeping lipid rafts apart at resting state. It is unclear how dephosphorylation of Cbp is regulated in response to TCR stimulation.
Our studies also provide evidence that polymerized actin (F-actin) may play a negative role in antigen receptor signaling. Previous reports have suggested a positive role for actin polymerization in antigen receptor signaling. We suggest that the actin cytoskeleton may play both positive and negative roles, dependent on the nature of stimuli and the stage of signal transduction in antigen receptor signaling. We believe that we have been able to observe this negative role for F-actin for the following reasons: in most studies in T-and NK-cells where F-actin has been shown to be critical for antigen receptor signals, the concentrations of LatB (5-20 M) or CD (10 -100 M) are much higher than those used in our work (LatB 0.5-1 M, CD 2-4 M). Thus in our experimental system, actin polymerization is not fully blocked. Indeed, we found that F-actin increases after 1 min of BCR stimulation in the presence of LatB. Studies in mast cells support this view, where it has been shown that the highaffinity IgE receptor, (Fc⑀RI) signals and histamine release are enhanced by LatB or CD pretreatment, whereas JP has the opposite effects (Frigeri and Apgar, 1999; Oka et al., 2002) . However, higher concentrations LatB (ϳ50 M) fully blocks Fc⑀RI-mediated secretion (Pendleton and Koffer, 2001) , confirming the idea that the actin cytoskeleton can play both positive and negative roles dependent on the concentrations used. Rivas et al. (2004) have recently shown that treatment of T-cells with similar concentrations of LatB or CD also enhances T-cell proliferation, NFAT activation, and IL-2 production. They also observed that T-cell activation led to increased plasma membrane expression of the plasma membrane Ca 2ϩ ATPase (PMCA), which was blocked by CD treatment, and suggested that this may be a mechanism by which actin depolymerization enhanced T-cell activation. Our data suggest that lipid raft dynamics may also be regulated by actin depolymerization, which can enhance early BCR signaling events. Indeed, we observe effects of LatB treatment on BCR stimulation of ERK activation, whereas Rivas et al. (2004) did not observe such changes in early T-cell activation.
The Actin Cytoskeleton Links Early BCR Signals to Sustained BCR Signals
Whether antigen receptor signals lead to cell activation and proliferation depends on the duration of the signal (Kundig et al., 1996; Grakoui et al., 1999) ; however, the mechanism that controls the duration of these signals is unknown. We have shown here that stabilization of F-actin by JP abrogates and induction of actin depolymerization by LatB enhances the sustained phase of ERK and Ca 2ϩ increase, suggesting that the actin cytoskeleton may have a role in regulation of duration of antigen receptor signals as well. Indeed Song and colleagues have recently shown that blocking actin polymerization or depolymerization blocks BCR internalization; however, it was not clear in those studies whether this would result in enhanced BCR signals (Brown and Song, 2001) . Our data suggest that this may be one consequence of reducing BCR internalization.
Early BCR Signals and Modulation of the Actin Cytoskeleton
Although it is not clear how early BCR signals could induce the depolymerization of the actin cytoskeleton, thus paving the way for enhanced lipid raft clustering, we suggest that early BCR signals trigger actin depolymerization via a rapid increase in localized intracellular Ca 2ϩ . This would lead to activation of the F-actin-severing protein, gelsolin, which is activated by micromolar Ca 2ϩ increase (Kinosian et al., 1998; Gremm and Wegner, 2000) . Thus early triggering of the BCR results in limited activation of the BCR pathway and rapid localized transient Ca 2ϩ signals, which results in localized depolymerization of actin. This leads to lipid raft clustering and movement of the BCR into these lipid raft clusters, thus enriching the triggered BCRs with the signaling enzymes located in these lipid rafts, while excluding negative regulators such as SHP-1 and CD45. This then enhances the signals via the BCR, leading to full activation of the BCR signaling pathway. Thus weaker triggering of the BCR would lead to smaller changes in action depolymerization and lipid raft clustering, as we observe, and stronger triggering would lead to more extensive actin depolymerization and lipid raft clustering, and thus stronger signals. Actin depolymerization is also required to internalize the activated BCRs and attenuate the signal, and preventing this results in prolonged expression of the receptors at the cell surface and thus prolonged signals.
In conclusion, we have shown that the actin cytoskeleton plays a critical role in the transduction of BCR signals. In the resting state, F-actin probably has the role of keeping lipid rafts apart, thus preventing B-cell activation by nonspecific stimulation. On stimulation, BCR-induced signals reduce F-actin, thus perhaps releasing the inhibition of F-actin on lipid rafts. The degree of actin depolymerization determines the extent of lipid rafts clustering and BCRs recruited into clusters. In addition, the actin cytoskeleton may also regulate the internalization of lipid rafts and the BCR to terminate the signal. Taken together, these data suggest that the actin cytoskeleton plays an important role in regulating of the amplitude and duration of antigen receptor signals.
